Etiology of
Phytophthora nicotianae Breda de Haan (=P. parasitica Dastur) and P. drechsleri Tucker are two oomycetes that cause root rot, crown rot, and foliar blight on a variety of ornamental plants produced in the United States (4, 21) . Losses can be severe in production sites where ample water, abundant host tissue, and warm temperatures offer favorable conditions for disease development. Recirculating irrigation water systems are used by many producers of ornamental crops in the United States to decrease the environmental impacts of chemical run off and to lower production costs by conserving water. This practice may play a role in inoculum dispersal (16) .
Sanitation is an essential part of preventing and limiting disease development and includes the removal of extraneous plant debris; sterilizing pots, potting mixes, and production surfaces; and the use of disease-free plant material. Many producers routinely treat plants with the phenylamide fungicides (PAFs), mefenoxam or its similarly acting isomer metalaxyl, and the efficacy of these compounds in controlling Phytophthora and Pythium spp.-induced diseases has been documented (7, 21) . However, resistance to PAFs has been reported for isolates of Phytophthora nicotianae recovered from vinca in California (5,7) and citrus trees in Florida (17) .
P. nicotianae and P. drechsleri are heterothallic, requiring A1 and A2 compatibility types (=mating types) to complete the sexual stage and produce thickwalled oospores. Outcrossing has the potential to generate novel genotypes and maintain genetic diversity (10) . Asexual reproduction is accomplished by hyphal fragments, sporangia which can germinate directly or release motile zoospores in water, and thick-walled chlamydospores. Chlamydospores have been reported for some isolates of P. drechsleri and commonly are seen in culture with P. nicotianae (13) . Asexual reproduction results in the dissemination of genetically identical clones. Water is an important environmental variable for disease development (2) . Under warm, wet conditions, numerous spores may be produced on infected plants and lead to multiple cycles of infection and spread within a short period of time (15) .
Once an epidemic has developed in a production site, it often is difficult to determine how the causal organism was introduced, how it is spreading, and if it is persisting over time. One strategy for resolving these questions is to characterize the distribution of genetically unique individuals in space and time. A variety of molecular tools are now available for detecting differences between organisms at the DNA level, and these are especially helpful for studying organisms such as P. nicotianae and P. drechsleri, which have few readily assessable phenotypic markers (14) . Tracking the incidence and distribution of unique strains has provided insight into the epidemiology of other heterothallic Phytophthora spp., such as P. infestans on potato and tomato and P. capsici on cucurbit and solanaceous hosts. Studies of P. infestans suggest that clonal lineages may be spread globally through the movement of potato tubers and persist for years (9) . For P. capsici, clonal reproduction appears to be limited to single fields in a growing season and oospores appear to play a key role in survival from year to year (12) .
Our objective was to identify species of Phytophthora causing epidemics on floricultural hosts in selected U.S. production facilities and to investigate spread within facilities.
MATERIALS AND METHODS
Isolate recovery. Plants with symptoms typical of infection by Phytophthora spp. (i.e., brown-black lesions at the soil line and discolored, softened roots) were collected from 11 production sites (nine greenhouses and two fields) located in the eastern United States. Plants were collected from multiple locations within a production facility. Sample sets were labeled according to location and year of sampling. Isolation from diseased plant material was made onto BARP (benomyl, 25 ppm; ampicillin, 100 ppm; rifampicin, Phytophthora nicotianae and P. drechsleri isolates (n = 413) recovered from eight floricultural hosts at 11 different production sites were described according to compatibility type, resistance to mefenoxam, and amplified fragment length polymorphism (AFLP) profiles. Sample sizes ranged from 2 to 120. In all cases, isolates recovered from a single facility had the same compatibility type and resistance to mefenoxam. AFLP analysis indicated that six clonal lineages of P. nicotianae and two clonal lineages of P. drechsleri were responsible for the 11 epidemics and that isolates recovered from the same facility were identical. A single clone of P. nicotianae was recovered from snapdragons at two field production sites in the southeastern United States receiving seedlings from the same source. This clone persisted at one site from 2000 to 2001. Another clone was recovered from verbena at three separate greenhouse facilities where one facility was supplying verbena to the other two. These results suggest that asexual reproduction of these pathogens plays an important role in epidemics and spread may occur between distant facilities via movement of plants.
30 ppm; and pentachloronitrobenzene, 100 ppm)-amended UCV8 (840 ml of distilled water, 163 ml of unclarified V8 juice, 3 g of CaCO 3 , and 16 g of agar) plates or onto water agar.
To obtain single hyphal-tip cultures, the uppermost portion of a 7-mm plug of an expanding colony was transferred to the surface of a water agar plate amended with benomyl at 25 ppm, ampicillin at 100 ppm, and rifampicin at 30 ppm. A sterilized 10-mm cap cut from a standard 2-ml microfuge tube then was placed over the plug and gently pressed down. This technique forced the mycelium to ramify through the amended water agar. After 2 to 3 days, plates were inspected under a dissecting microscope at ×25 magnification and a single hyphal branch was transferred to RA (rifampicin, 30 ppm and ampicillin, 100 ppm)-UCV8 plates and transfers were repeated bimonthly. For long-term storage, a 7-mm plug of actively growing mycelium from each culture was placed into a 1.5-ml microfuge tube with one sterilized hemp seed and 1 ml of sterile distilled water (SDW). Isolates then were incubated for 2 to 3 weeks at 23 to 25°C before being stored at 15°C.
Compatibility type and mefenoxam resistance determination. To determine compatibility type, agar plugs from the edge of an expanding single hyphal-tip colony were placed at the center of UCV8 plates approximately 2 cm from P. capsici isolates OP97 (A1) and SP98 (A2) and incubated in the dark at 23 to 25°C for 3 to 6 days. Following incubation, compatibility type was determined by examining the plates for oospore production.
To determine mefenoxam resistance, agar plugs from the edge of actively expanding single hyphal-tip colonies were placed at the center of 100-by-15-mm UCV8 plates amended with mefenoxam at 0 or 100 ppm (Ridomil Gold EC, Syngenta, Subdue Maxx; Syngenta, Greensboro, NC; 48% a.i. suspended in SDW was added to UCV8 cooled to 49°C). Culture plates were incubated at 23 to 25°C for 3 days. Percentage of growth of an isolate on amended media was calculated by subtracting the initial plug diameter (7 mm) from the diameter of each colony and dividing the average diameter of the colony on amended plates by the average diameter of the colony on unamended control plates. All tests were conducted at least twice. An isolate was scored as sensitive (S) if growth at 100 ppm was <30% of the control, intermediately resistant (IR) if growth was between 30 and 90% of the control, and resistant (R) if growth was >90% of the control (11) .
DNA extraction. Two 7-mm plugs of actively expanding mycelium were transferred to approximately 15 ml of RA-UCV8 broth in 100-by-15-mm petri dishes and incubated in the dark for 3 days at 23 to 25°C. Mycelial mats were washed with distilled water and dried briefly under vacuum before being frozen at -20°C and lyophilized. Lyophilized mats were ground with a sterile mortar and pestle. Whole genomic DNA from approximately 50 mg of ground mycelium was extracted using a Qiagen Dneasy Plant Mini Kit (Qiagen Inc., Valencia, CA) according to the manufacturer's directions. DNA was quantified with Nucleic Acid QuickSticks (Clontech, Palo Alto, CA) according to the manufacturer's directions or on 1.5% agarose gels.
Identification to species. Species were identified using morphological characters and ribosomal DNA sequencing. Actively expanding mycelium from single hyphaltip cultures (7-mm plugs) were transferred to 100-by-15-mm water agar plates (two plates per isolate) and one of the plates was flooded with SDW. Plates were incubated overnight under continuous fluorescent lighting at room temperature and sporangial morphology was observed. Internal transcribed spacer (ITS)-based identification was completed according to the methods described by Cooke et al. (3) . A single round of polymerase chain reaction (PCR) with primers ITS6 (5 GAAGGTGAA-GTCGTAACAAGC) and ITS4 (5 TCC-TCCGCTTATTGATATGC) was performed using 100 ng of DNA, 0.5 µm of each primer, and 17.5 µl of Core Mix from Applied Biosystems (Foster City
Amplified fragment length polymorphism fingerprinting. Genomic DNA from a subset of the isolates was analyzed using amplified fragment length polymorphism (AFLP) markers. Approximately 100 ng of DNA was subjected to a restriction/ligation reaction, preselective amplification, and selective amplifications using the PCR core mix, adaptor sequences, core primer sequences, and fluorescence-labeled primers provided in the Perkin-Elmer Applied Biosystems (PE/ABI) AFLP Microbial Fingerprinting Kit (PerkinElmer Corp., Foster City, CA) and performed exactly as described in the PE/ABI AFLP Microbial Fingerprinting protocol part #402977 Rev A (20) . All PCR reactions were performed using an MJ Research Minicycler (MJ Research Inc., Waltham, MA) in 0.2-ml tubes according a Floriculture production facilities are identified by a number (1 to 11) followed by the year of sampling. b Representative isolates from each set were identified to species by morphological criteria and the similarity of internal transcribed spacer region I and II DNA sequences to GenBank. c The number of isolates characterized using amplified fragment length polymorphism markers is in parenthesis following the total number of isolates recovered and screened for mating type and mefenoxam sensitivity. d MR = mefenoxam resistance, determined by in vitro screening on 100 ppm a.i. amended media; S = <30% growth of control (GC), IR = between 30 and 90% GC and R = >90% GC.
to the cycling parameters outlined in the Microbial Fingerprinting protocol. The selective primers EcoRI-AC and MseI-CA amplified between 50 and 70 clearly resolved markers for P. nicotianae and P. drechsleri which were used in this study. The EcoRI selective primer was labeled at the 5 end with carboxyfluorescein (FAM) dye. The fluorescent dye was excited by laser radiation and visualized by its characteristic absorption-emission frequency. Only the fragments containing an EcoRI restriction site were resolved.
Selective amplification AFLP products and a carboxy-X-rhodamine (ROX) size standard were loaded into each lane on a denaturing polyacrylamide gel and the fragments resolved in an ABI Prism 377 DNA Sequencer. Results were prepared for analysis in the form of electropherograms using GeneScan Analysis software (PE/ABI). AFLP fragments were scored manually as present = 1 or absent = 0 using Genotyper (PE/ABI).
AFLP fragments for each isolate were scored for presence or absence, and the binary data matrix was converted to a similarity matrix using a simple matching coefficient of resemblance with the program NTSYSpc (version 2.02k; Applied Biostatistics Inc., Exeter Software, Setauket, NY). Unweighted pair group method with arithmetic averages cluster analysis was performed on the similarity matrix and a tree was generated. Isolates with identical AFLP profiles were considered to be clones. Representatives of the clonal lineages were subjected to three separate DNA extractions and AFLP reactions.
RESULTS
Phytophthora isolates. Phytophthora isolates were recovered from eight hosts at 11 locations (Table 1) . Disease symptoms commonly included stunting or wilting. Upon inspection of symptomatic plants, brown or black crown regions or significant root rot were observed. Morphological criteria and ITS sequence analysis identified P. nicotianae and P. drechsleri as the causal agents. P. nicotianae was recovered from eight locations from the following hosts: snapdragon, fuchsia, verbena, bacopa, vinca, African violet, and dusty miller. P. nicotianae isolates produced spherical sporangia with prominent papilla and short pedicels on water agar, amphigynous oospores in the presence of an opposite mating type (A1 or A2), and abundant chlamydospores on UCV8 agar after 3 to 5 days of incubation at room temperature (23 to 25°C). P. drechsleri isolates were recovered from two facilities producing poinsettias (Table 1) . Sporangia produced on water agar were nonpapillate and isolates produced amphigynous oospores in the presence of an A1 or A2 P. capsici culture. No chlamydospores were observed on UCV8 agar after 3 to 5 days at room temperature (23 to 25°C) and growth was not inhibited at 35°C.
Phenotypic diversity. All of the isolates collected from a particular facility had the same compatibility type and were equally sensitive or resistant to mefenoxam. Both the A1 and A2 compatibility types for P. nicotianae were detected during this study but occurred at different locations (Table  1 ). For P. drechsleri, only the A1 compatibility type was recovered. P. nicotianae isolates (n = 15) fully resistant to mefenoxam were recovered from fuchsia; all other P. nicotianae recovered from other hosts and production sites were fully sensitive to the fungicide. At one production site, all of the P. drechsleri isolates recovered were intermediately resistant to mefenoxam while the isolates from another production site were fully sensitive to mefenoxam.
Genetic diversity. There were a total of 68 AFLP markers resolved from the P. nicotianae isolates analyzed. Of these, 42 were present in every isolate (monomorphic) and 26 were present in some isolates and absent in others (polymorphic). For P. drechsleri, there were a total of 64 AFLP markers resolved, with 30 being monomorphic and 34 polymorphic. In every case, P. nicotianae and P. drechsleri isolates recovered from the same location, regardless of host, spatial location within the facility, or year, were identical. Over the 10 locations where P. nicotianae was recovered, six distinct clones were found (Fig. 1 ). There were two cases where members of the same clonal lineage of P. nicotianae were recovered at more than one location; production site locations 3 and 4 and production site locations 7, 8, and 11 ( Fig. 1) . Production sites 3 and 4 both received snapdragons as seedlings from the same producer in 2000. Production sites 8 and 11 both received verbena plants from production site 7. Isolates recovered from field production site location 4 had identical phenotypic and AFLP profiles over 2 years of sampling (Fig. 1) .
DISCUSSION
P. nicotianae and P. drechsleri were recovered from floriculture hosts at 11 locations in the eastern United States. At each of the locations, the isolates recovered had the same compatibility type, sensitivity to mefenoxam, and AFLP profile. AFLP markers provided a high level of genetic resolution, revealing six distinct clonal lineages of P. nicotianae and two clonal lineages of P. drechsleri. The lack of diversity among the Phytophthora isolates recovered within a facility suggests that spread was accomplished mainly by asexually generated propagules such as hyphal fragments, sporangia, chlamydospores, or zoospores.
In addition to the spread of clonal lineages within facilities, the background of locations 3 and 4 and that of locations 7, 8, and 11 are particularly interesting because single clonal lineages may have been spread among these facilities. The snapdragon producers at locations 3 and 4 purchased snapdragon plugs from the same supplier in 2000. All 195 P. nicotianae isolates from these two sites were identical for mating type and sensitivity to mefenoxam, and analysis of the DNA from 80 isolates revealed identical multilocus AFLP profiles for each of the isolates. While it is possible that the pathogen was introduced to locations 3 and 4 via infected plants, it is also possible that the disease was already established at these sites prior to the first plant sampling in 2000. The 10 samples recovered in 2001 from snapdragons at location 4 were identical to the isolates collected in 2000, indicating the potential for this pathogen to survive in the southeastern United States despite a nonhost fallow period and treatment with a fumigant (methyl bromide/chloropicrin). P. nicotianae produces abundant chlamydospores in infected tissue and this may have contributed to the survival of this clonal lineage from 2000 to 2001 (13) .
The isolates recovered from locations 7, 8, and 11 were also identical and may be an example of how P. nicotianae may be spread within and among production facilities. Location 7 includes flowering potted plant crops such as verbena and bacopa, which are both propagated on site via cuttings. Rooted cuttings are sold to other growers who prepare them for direct sale or may pass them as prefinished plants on to wholesalers or other retailers. The finding that both locations 8 and 11 received verbena plants from location 7 and that the isolates recovered from all three locations were phenotypically and genotypically identical suggests that infected plant material may have carried P. nicotianae from location 7 to locations 8 and 11.
Overall, it appears that asexual reproduction was the dominant, if not sole, means by which the epidemics in this study developed. Controlling the spread of Phytophthora spp. within and among production facilities can be a difficult task involving two major challenges. The first is ensuring that Phytophthora spp. are excluded from production sites. This is particularly difficult with floriculture hosts because of the widespread distribution of prefinished plants. In many cases, plants do not exhibit obvious symptoms until infection is well established or until the plants are placed under environmental stress (e.g., over-or under-watering). Ferrin and Rohde (6) discussed how infected plants treated with fungicides may appear healthy until the fungicides lose efficacy and pathogen populations increase (6) . The second challenge is eradicating Phytophthora spp. once they have been introduced. Removing visibly diseased plants will not prevent spore production and spread from plants showing few if any symptoms. A control strategy that includes using absorption mats below pots to filter out recirculating inoculum (e.g., hyphal fragments and zoospores) may be helpful in such a situation (18) . Adding calcium to water or nutrient solutions interferes with zoospores of P. parasitica at multiple stages and may be useful in limiting spread via recirculating irrigation solutions (19) . Adding aluminum to peat-based soilless potting mixtures suppresses P. parasitica on Catharanthus roseus (vinca) (1, 8) and may provide a viable alternative in an integrated approach. Sanitizing the facility between crops is a standard recommendation to eliminate carryover, but disinfestation is often incomplete. For many growers, combating Phytophthora spp. remains an ongoing challenge despite close adherence to management recommendations. Although many of the production facilities included in this study employ PAFs, the mefenoxam-resistant clonal lineage recovered from location 5 suggests that this strategy may not prove effective in all cases.
